ABSTRACT The direct transfer technique used in preparing waterborne asbestos for analysis by transmission electron microscopy is also suitable for preparing airborne asbestos collected on polycarbonate filters for light microscopy, scanning, and transmission electron miscroscopy. The same area and even the same fibre may be examined by the three microscopic methods and individual fibres identified by optical and electron-optical techniques and by x-ray microanalysis.
Light microscopy (LM)l scanning electron microscopy (SEM),2 and transmission electron microscopy (TEM)3 4 are currently used to determine the concentrations of asbestos in the work place and in the environment. The LM method is still used to monitor asbestos in the work place despite its limitations5 6 because of the low cost per analysis and the vast amount of asbestos exposure data which have been collected.
Recently, Chatfield5 correlated the fibre counts as obtained by LM and TEM. There may have been some overestimation by TEM, however, because ultrasound was used in preparing the samples. The direct transfer technique4 described here does not have this drawback and has been found to be suitable for preparing asbestos samples collected on polycarbonate filters for LM, SEM, TEM, and the particulate losses during sample preparation are negligible.5 In fact, the same area or even the same fibre may be examined by the three microscopic methods, and individual fibres may be identified by optical and electron-optical techniques such as polarised light microscopy dispersion staining, electron diffraction, and x-ray microanalysis.6 Thus it becomes feasible to check the precision and accuracy of the LM method and provide correlations of the fibre counts as obtained by the three microscopic methods.
Sample preparation
The direct transfer method entails filtering a known volume of air through a polycarbonate filter. A thin coating of carbon, roughly 50 nm thick, is deposited by vacuumevaporation on to the particulatematerial on a filter. A small section of the coated filter is placed with the carbon side facing down on a TEM grid in a Jaffe-wick washer containing chloroform (fig 1) . The filter is dissolved in four to six hours, and the particulate matter is left partially encapsulated on the carbon film.
Since the thin carbon film is isotropic and transparent to light and electrons, it is possible to examine the same particulate matter both by LM and TEM. The carbon film is also a good conducting medium for heat and electrons, therefore particulate matter A techniique to prepare asbestos air samples for light and electron microscopy 
Optical microscopy
In the light microscopy method of the National Institute for Occupational Safety and Health the asbestos fibres are fixed on to the chemically cleared cellulose filter, and it is not possible to identify the asbestos fibres by optical techniques. Although a low temperature ashing step to remove the filter has been suggested by other researchers,7 fibres may be lost during ashing. In the direct transfer method the grid is suitable for fibre enumeration by phase contrast illumination, and additional optical techniques may also be used to identify the asbestos fibres.
In the optical examination the grid is first immersed in an appropriate refractive liquid on a glass slide. A glass cover slip is placed carefully on top to avoid trapping air bubbles. The grid is then examined at a magnification of about 50 x to check for uniformity of particulate deposition, breakage of carbon film, and the presence of undissolved filter material. If the grid is found to be acceptable the grid openings with intact carbon film are chosen in a predesignated or random manner for analysis. Ten or more grid openings from each of the five or more grids prepared from the same filter are analysed at a magnification of 450 x to provide an estimate of the concentration of the asbestos fibres.
The centre of the grid has a pattern that is used to define the position of each grid opening so that the same particle may be relocated for further examination. Figure 8 shows the carbon film of a grid opening observed by phase contrast illumination. In addition to providing support for the particulate matter, the film replicates the pores of the surface of the polycarbonate filter. These pores, which are roughly 0 45 ,Lm in diameter, are clearly resolved in this micrograph, taken originally at a magnification of about 150 x . The resolution and the quality of the image provided by the carbon support is comparable with that obtained from the chemically cleared cellulose membrane filter. The asbestos fibres, however, are even more easily distinguished from the carbon film background if a polycarbonate filter with 0 2 ,tm pore size is used, as in figs 2 and 3.
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Identification of asbestos fibres
The particulate matter is partially encapsulated by the carbon film so that the grid may be immersed several times in different refractive liquids to determine the refractive indices of the asbestos fibres without loss of fibres. After each immersion, the refractive index liquid may be removed by placing the grid back in the Jaffe-wick washer containing chloroform.
Other optical techniques, such as polarised light microscopy and dispersion staining, may also be used to identify individual asbestos fibres. For example, crocidolite shows low relief or disappears when immersed in a refractive liquid of 1-69 and shows distinct dispersion colours when it is immersed in appropriate refractive liquids.7 Also, it is the only asbestos that is length fast-that is, the lowest refractive index lies parallel to the length of the fibre. Therefore, under polarised light and in the path of a gypsum compensator, a crocidolite fibre shows a blue colour when it is perpendicular to the slow vibration direction of the compensator and a yellow colour when parallel to the slow vibration direction of the compensator.
While the identification of asbestos fibres by their dispersion colours or using a gypsum compensator becomes much more difficult for fibres less than 1 ,um in diameter, some of their optical properties may still be used to distinguish one from another. For instance, chrysotile and crocidolite fibres that are known to be in a sample may be differentiated by using a liquid having a refractive index of 1-62. Change in contrast of asbestos fibres results from using a refractive liquid with an index (n = 1-62) higher than that of chrysotile asbestos (n = 1J56).
Pang and Robinson
Chrysotile fibres show whitish (no colour) in phase contrast illumination (fig 9) and crocidolite fibres show dark grey to greenish colour. Thus the two types of asbestos fibres may be distinguished and their concentrations determined separately.
Electron microscopy Figures 2-7 show the same area of the same grid opening as examined by light, scanning, and electron microscopy and indicate that the TEM gives the best resolution. The identity of fibres previously characterised by optical techniques may now be confirmed by morphology, electron diffraction patterns, and x-ray microanalysis. In addition small asbestos fibres below the resolution of the light microscope are shown.
In choosing the grid opening instead of random field of view as a unit of area for examination the direct transfer method permits examination of the same area or even of the same fibre by both light and electron microscopy. Thus it becomes practicable to determine both the precision and accuracy of the fibre identification and to compare enumeration by the two methods. Evaluation of the variations or bias in fibre counting results obtained between analysts or laboratories now becomes meaningful. This preparative technique provides also for a direct comparison of fibre enumeration on the same sample by light, scanning, and transmission electron microscopy which have different limits of resolution.
Gentry and Spurny8 determined that the asbestos collection efficiency of the polycarbonate filter may vary from 0-3 to 0-7 depending on the size distribution of the airborne asbestos. They also showed that the amosite fibres are able to penetrate the polycarbonate filter with pore diameter less than 20 % of the fibre length. Therefore, the direct transfer technique described above may underestimate the asbestos fibres below the I to 2 ,tm in length and 0 2 ,um in diameter when a 0-2 ,tm pore size polycarbonate filter is used in sampling.
Conclusion
(1) The direct transfer method permits preparation of samples of airborne asbestos suitable for analysis by both light and electron microscopy. The resolution of small particles on the carbon film by light microscopy is satisfactory, and additional optical techniques such as polarised light microscopy and dispersion staining may be used to identify the asbestos fibres.
(2) By analysing the same grid openings or the same asbestos fibres by light microscopy as well as electron microscopy, it is possible to check the accuracy and precision of the asbestos results obtained by the light microscopic method.
(3) Correlations between fibre enumeration results obtained by light and electron microscopy may be established so that it may be justified to use the light microscopic method as a screening procedure to assess concentrations of airborne asbestos in working environments.
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